Mutants of Escherichia coli defective in the membrane-bound Ca2+,Mg2+-stimulated adenosine triphosphatase (ATPase) complex have been used to study oxidative phosphorylation (5) (6) (7) (8) , respiration-and adenosine triphosphate (ATP)-dependent transhydrogenase (6, 7, 9, 13, 18, 29) , active transport (1-3, 30, 31, 33, 35, 40, 42, 44-46 ; B. I. Kanner, N. Nelson, and D. L. Gutnick, Biochim. Biophys. Acta, in press), and other energy-dependent phenomena (21, 26, 32, 43, 44) . These mutants are defective in both oxidative phosphorylation and ATP-driven transhydrogenase activity, but the precise involvement of the ATPase complex in active transport is not completely clear since hydrolysis of ATP per se is not involved in respirationlinked active transport (17) . Moreover, mutants in the Ca2+,Mg2+-stimulated ATPase complex exhibit a variety of phenotypes with regard to active transport. Thus, one class of ATPase mutants exhibits normal transport activity under aerobic conditions but diminished activity under anaerobic conditions (30, 31, (38) (39) (40) , and membrane vesicles isolated from these mutants exhibit normal respiration-linked IPresent address: Laboratory for Microbiology, Groningen Biologisch Centrum. The Netherlands. ' Permanent address: Department of Microbiology, Tel Aviv University, Ramat Aviv, Israel. transport activity (33) . A second class of mutants exhibits defective active transport under aerobic conditions in both whole cells and isolated membrane vesicles (36; Kanner et al., in press), whereas a third type of mutant (42) exhibits normal aerobic transport activity (3) although this activity is defective in membrane vesicles isolated from the intact cell (1) .
According to the chemiosmotic hypothesis of Mitchell (14, 24, 25) , the driving force for active transport is an electrochemical gradient of protons (i.e., the "proton motive force") generated as a result of respiration or ATP hydrolysis. By means of this concept, the first class of mutants is easily explained, the defect in active transport becoming manifest only under anaerobic conditions when respiration is inhibited. This explanation, however, is not sufficient to explain the other two types of mutants that exhibit normal respiratory activity. Significantly, it has been demonstrated that the lesion in the ATPase complex in these mutants is associated with a marked increase in the proton permeability of the membrane, and that this defect, as well as the defect in active transport, can be cured by treatment with dicyclohexylcarbodiimide (DCC) (35) (36) (37) 45) . In keeping with previous work on mitochondria and chloroplasts (11, 34) , these observations have led to ANAEROBIC TRANSPORT IN E. COLI ATPASE MUTANTS 1249 the suggestion that in addition to its catalytic activity, ATPase plays a structural role in the membrane in which the complex masks a proton channel (or carrier) in wild-type membranes, and that the complex is either missing or readily solubilized in these mutants, leading to enhanced proton permeability (1, 37) .
The critical importance of membrane permeability to protons has also been demonstrated directly by recent experiments from this laboratory (L. Patel, S. Schuldiner, and H. R. Kaback, Proc. Natl. Acad. Sci. U.S.A., in press). Extraction of isolated membrane vesicles with strong chaotropic agents causes the vesicles to become specifically permeable to protons in a manner that is completely reversed by treatment with a variety of carbodiimides. The extracted vesicles are unable to generate a membrane potential (interior negative) in the presence of ascorbate-phenazine methosulfate, nor are they able to catalyze active transport. Both of these properties are completely restored to the system when the vesicle membrane is made impermeable to protons by treatment with carbodiimides. Moreover, the transport activity of guanidine hydrochloride-extracted membrane vesicles isolated from a DCC-resistant mutant of E. coli that exhibits DCC-resistant ATPase activity (12) (20) . Throughout the paper, vesicles prepared from aerobically grown cells are referred to as "aerobic vesicles," and the preparations from anaerobically grown cells are referred to as "anaerobic vesicles." Transport assays. Transport was assayed under aerobic conditions (16) or under oxygen-free argon (less than 1 Mg of oxygen per ml) (20) . For the anaerobic assays, the reaction mixtures were gassed with argon for 5 min before addition of 10 mM sodium formate, 10 mM potassium nitrate, and [14C]proline.
In all cases, [U-14C]proline (232 mCi/mmol) was used at a final concentration of 16.6 MM.
Ca2+,Mg2+-stimulated ATPase activity. Membrane vesicles prepared as described above were centrifuged for 20 min at 48,000 x g, resuspended in 30 mM tris(hydroxymethyl)aminomethane-hydrochloride (pH 8.0) to a final protein concentration of 5.0 mg/ml, and subjected to sonic oscillation at 0 C in a Branson Sonifier (model W140) at maximum output for four periods of 15 s each. Approximately 0.05 mg of membrane protein was incubated with 30 mM tris(hydroxymethyl)aminomethane-hydrochloride (pH 8.0) containing 2 mM magnesium sulfate in a total volume of 0.1 ml for 5 min at 37 C. The reaction was initiated by addition of 10 Ml of [-y-32P]ATP (final concentration 4 mM, containing about 60,000 counts/min and terminated at an appropriate time by addition of 0.4 ml of 1.25% ammonium molybdate in 1.0 N HCl. Inorganic phosphate was extracted into 0.85 ml of isobutanol-benzene-acetone (30) , and aliquots of the upper phase were dried on planchets and counted in a Nuclear-Chicago gas flow counter. Results were corrected for the amount of inorganic phosphate present at zero time and for nonenzymatic hydrolysis of ATP.
Immunodiffusion. Immunodiffusion was carried out in plastic petri dishes (60 by 15 mm; Falcon Plastics) containing 5.0 ml of 1.0% Noble agar. Aliquots of the vesicle preparations containing 15 mg of membrane protein per ml were dissolved in sodium dodecyl sulfate (0.5% final concentration), and 10 Ml was added to the wells as indicated in Fig. 4 Fig. 1 . Surprisingly, there was no significant Proline uptake in anaerobic vesicles of ML 308-255 (A) and DL54 (B). Cells of the two strains were grown anaerobically on glucose in the presence of potassium nitrate and streaked for possible contamination as described in the text. Vesicles were prepared as described previously (20) . Transport assays were carried out at 25 C as described previously (4) and in the text with 10 A 1 of vesicles (ML 308-225, 4.7 mg/mI; DL54, 9.5 mg/ml). Potassium nitrate and/or potassium formate were added at 10 Fig.  2A and B) . Although not shown, with D-lactate as electron donor, DL54 vesicles exhibited about 20% of the activity of ML 308-225 vesicles, as reported previously (42) . Similar results were also obtained when vesicles were isolated from aerobically grown ML 308-225 and DL54, using the standard procedure for vesicle preparation (data not shown). Effect of DCC on aerobic and anerobic proline transport. As shown in Fig. 2B , exposure of aerobic DL54 vesicles to DCC resulted in marked stimulation of proline transport in the presence of ascorbate-phenazine methosulfate, and after treatment with this carbodiimide, the activity of the mutant vesicles was comparable with that of aerobic ML 308-225 vesicles (compare Fig. 2A and B) . Although the degree of stimulation by DCC was quantitatively less striking, these results are similar to those reported by Altendorf et al. (1) . On the otherhand, anaerobic ML 308-225 and DL54 vesicles exhibited similar transport activities in the presence of formate and nitrate, and exposure to DCC elicited little or no effect on the transport activity of either vesicle preparation (Fig. 2C,  D) . Similar results were obtained when reduced phenazine methosulfate or formate was used as electron donor in the presence of oxygen (data not shown).
Active transport by anaerobic membrane vesicles from E. coli strains 7 and NR70. Another ATPase mutant of E. coli, NR70, has been described (36) which, like DL54, exhibits a DCC-reversible defect in active transport under J. BACTERIOL. (Fig. 3) . Proline transport by anaerobic NR70 vesicles in the presence of formate and nitrate did not differ appreciably from that of anaerobic strain 7 vesicles assayed under the same conditions. Ca2+, Mg2+-stimulated ATPase activity. It has been postulated that the membranebound ATPase plays a structural role in maintaining the proton impermeability of the bacterial membrane, and the suggestion has been made that the transport defect observed in mutants DL54 and NR70 is due to an abnormally loose association between the ATPase complex and the membrane (1, 36) . It is noteworthy, therefore, that no increase in ATPase activity was observed in DL54 or NR70 vesicles after growth of the mutants under anaerobic conditions in the presence of nitrate. Sonicated anaerobic ML 308-225 and strain 7 vesicles exhibited ATPase activities of approximately 200 nmol/ min per mg of protein in the presence of magnesium, whereas anaerobic DL54 vesicles exhibited an activity of less than 3 nmol/min per mg of protein and anaerobic NR70 vesicles exhibited virtually no ATPase activity. Moreover, material that cross-reacted with antiserum prepared against intact catalytic subunits purified from E. coli (27) , anti-(a+#), was de.tected in aerobic and anaerobic vesicles from ML 308-225 and DL54 and in anaerobic vesicles from strain 7 (Fig. 4) . Anaerobic vesicles from NR70 that exhibited parental levels of proline transport (Fig. 3) did not exhibit any cross-reacting material. Although not shown, it is also noteworthy that vesicles from strains ML 308-225, DL54, Proline uptake in anaerobic membrane yesicles from strain 7 (parent) and NR70 (mutant). Cells were grown, vesicles were isolated, and transport assays and additions were performed as described previously (20) microliters of sera was placed in the center well. Vesicle preparations were concentrated to 15 mg/ml, and aliquots were dissolved in 0.5% sodium dodecyl sulfate as described in the text. Ten microliters of each preparation was placed in the peripheral wells as follows: top, ML 308-225 aerobic; upper right, DL54 aerobic, lower right, strain 7; bottom, ML 308-225 anaerobic; lower left, DL54 anaerobic; upper left, NR70. and 7 contained material that cross-reacted with antisera prepared against the denatured subunits of ATPase (Kanner et al., in press) -anti-(a), anti-(,), and anti-(zy)-regardless of growth conditions, and that similar preparations of NR70 did not exhibit any material that cross-reacted with these antisera.
Effect of guanidine hydrochloride extraction. The effects of 1.0 M guanidine hydrochloride extraction on the transport activity of aerobic and anaerobic ML 308-225 and DL54 vesicles are illustrated in Fig. 5 . As shown elsewhere (Patel et al., in press) and in panel A, extraction of aerobic ML 308-225 vesicles with the chaotrope resulted in marked inactivation of proline transport in the presence of ascorbate-phenazine methosulfate, and this activity was completely restored when the extracted vesicles were exposed to DCC. Extraction of aerobic DL54 vesicles also led to inactivation of transport, but the residual activity of these vesicles was five-to sixfold higher than that observed with guanidine hydrochlorideextracted ML 308-225 vesicles. It is also noteworthy that after exposure to DCC, the guanidine hydrochloride-extracted DL54 vesicles catalyzed active transport somewhat better than ML 308-225 vesicles.
Strikingly, the ability of anaerobic DL54 vesicles to catalyze proline transport is essentially unaffected by treatment with 1.0 M guanidine hydrochloride, and subsequent exposure of the vesicles to DCC had virtually no effect (Fig. 5D) . On the other hand, proline transport by anaerobic ML 308-225 vesicles was inactivated by guanidine hydrochloride, and activity was restored to control levels after exposure to DCC (Fig. 5C ). Although not shown, similar results were obtained with vesicles prepared from NR70 grown anaerobically in the presence of nitrate. DISCUSSION The studies presented in this report extend previous findings (1, 36) on the transport properties of isolated membrane vesicles from two ATPase mutants of E. coli, DL54 and NR70. As opposed to other ATPase mutants described in the literature (30, 33, (38) (39) (40) , these mutants are unique in that they exhibit defective aerobic transport in isolated membrane vesicles and/or intact cells (1, 36, 42) . The data presented here are particularly noteworthy with respect to the proposed relationship between the genetic lesion leading to a deficiency in Ca2+,Mg2+-stimulated ATPase activity and concomitantly to a defect in active transport. As discussed above, the suggestion has been advanced that the ATPase complex serves a structural as well as a catalytic role in the membrane, thereby masking a hydrophobic proton-conducting channel (or carrier). In these mutants, this site is presumably exposed, leading to increased proton permeability, but can be resealed with DCC or ATPase (1, 36 Cox et al. (8) that lacks the entire ATPase aggregate yet exhibits normal serine and phosphate transport under aerobic conditions. Anaerobic transport in this mutant was observed when fumarate was added to the growth medium and to the assay medium (38) . Finally, it should also be emphasized that 60 to 80% of the membrane-bound Ca2+,Mg2+-stimulated ATPase activity is lost during the preparation of wild-type membrane vesicles (41) . It is apparent, therefore, that most of the catalytic subunit of the ATPase complex, at least, is absent from the vesicles although they are impermeable to protons (1; Patel et al., in press) and catalyze active transport as effectively as whole cells in many instances (17) .
Growth of DL54 and NR70 under conditions that suppress the defect in active transport also affects the sensitivity of these vesicles to extraction with chaotropic agents. Although aerobic mutant vesicles are somewhat more resistant to the effects of guanidine hydrochloride extraction than corresponding parental preparations, the transport activity of anaerobic vesicles prepared from the ATPase-deficient strains is refractory to extraction. In addition to their implications with respect to the physiology of these mutants, these observations are important with regard to the mode of action of chaotropic agents on the membrane vesicles. Since the transport activity of guanidine hydrochloride-extracted vesicles isolated from a mutant with DCC-resistant ATPase activity is not reactivated by DCC (12; Patel and Kaback, manuscript in preparation) and anaerobic DL54 and NR70 vesicles are resistant to the effects of guanidine hydrochloride, it seems quite possible that the dramatic effects of these chaotropic agents on the vesicles (Patel et al., in press) are related specifically to an alteration in some component of the ATPase complex or to an alteration in a component of the membrane to which the complex is bound.
Mutants of E. coli defective in oxidative phosphorylation exhibit a variety of phenotypes with respect to the ATPase complex as well as active transport. The results reported here complicate the issue even further since they indicate that growth under certain conditions can lead to physiological suppression of the transport defect without affecting the primary genetic lesion. It seems apparent, therefore, that attempts to generalize about the precise role of the ATPase complex in the mechanism of active transport based on the VOL. 124, 1975 on July 4, 2017 by guest http://jb.asm.org/ behavior of these mutants must await a more complete understanding of the system.
